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LABORATORY REQUIREMENTS FOR IN-SITU AND REMOTE
SENSING OF SUSPENDED MATERIAL

By

Chin Y. Kuol and Robert Y.K. Chen92
SUMMARY

Recommendations for laboratory and in=-situ measurements required for remote
sensing of suspended material are présented. This study investigates the properé
ties of the suspended matetials, factors influencing the upwelling radiance, and
the various types of remote sensing techniques. Célibration and correlation pro-
cedures are given to obtain the accuracy necessary to gquantify the suspended
materials by remote sensing. In addition, the report presents a survey of the
national need for sediment data, the agencies that deal with and require the
data of suspended sediment, and a summary of some recent findings of sediment

. measurements.
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CHAPTER I. NATIONAL NEEDS
l.  Introduction

Annually, a great amount of sediment is carried down to rivers, lakes,
estuaries, bays, coastal waters, and oceans. The soil disturbances are due
to both natural phenomena and human activities. Soil is eroded due to rainfall
and wind, resulting in tremendous sediment movement into water courses by flood
and storm waters. Highway construction, tillage of cropland; housing, and urban
development also yield a high volume of sediment transport. Other contributors
are landfill, channel and harber dredging, discharge of suspended solid contaiged

in sewer and industrial wastes, and ocean dumping of solid wastes and sludge.

The impact of sediment erosion, transport, and deposition is very widespread.
Depe%ition of coarse sedipe@ts'may reduce the flow capacity agd‘cause extensive
dist@rbéﬁce to stgegms;*”Streams and lakes are dameéed aesthetically. 'Reservoir
storége and channei conveyance for water supply, irrigation, and navigation are
lost. Water treatment costs for domestie end»industrial uSes are increased.
Suspended sediment reduces water clarity and sunlighﬁ‘penetrétion, thereby
affecting the biota. As the sediment settles to the bottom of laﬁes, bays, and
marshes, it buries and kills vegetation, alters the benthic biota, and‘changes

the ecosystem. All of this damage-requires expensive'remedial measures.

Sampling and‘measurement of ‘suspended sediments is»a;tedious and expensi&e
program for either iﬁ;situ or laboretory work. Since suspended sediment is an
important environmegta; pafameter used in determining the water gquality, efforts,
have been directea~€owérds a speedy and economical way for determination of sus-
pended sediment. Measurement of suspended sedimen£ is extremely useful for assess-.
ment and prediction of watef'quality. “Tﬁrbid water cankbe’detected though the
use of optical methods. Fortunately, the turbid wster can be seen from low
altitﬁde aircraft and high altitude spacecraft. Remqte sensing,techniques;
offering data,acquisition oVer a long time éeriod end broad raﬁge; ére therefore
superior to any convenﬁiohai method for field data collection.  Efforts are
currently underway at the National Aeronautics and Space Administratioﬁ (NASA)
and other government and private agencies are involved ih activities to develop
techniques for»remetely sensing sediment distribution‘and transport patterns
in riverine, estuarine, and coastal waters; Intepietation of - data from photographic

and spectral instruments'is difficult due to the absence of sea truth and'labofatery
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calibration data. The efforts necessary to obtain the sea truth data are currently
known, but the type and content of the supporting laboratory effort is not known.

The purpose of this study was to investigate:
a. Who are the agencies using sediment data and how will the data be used?

b. What are the problems related to monitoring sediment distribution and

transport?

c. What further sediment related measurements are needed and how are these

measurements tied in with remote sensing methods?
d. Previous and current work.

e, ' Laboratory program needed toc be established to carry out the measurements

and data collection required.

f. How should theélaboratory effort be integrated with sea truth and remote
sensing efforts? .

2. Agencies Using Sediment Data

A study by the Environmental Protection Agency‘(EPA) (ref. 1) on methods for
identifying and evaluating the nature and extent of non-point sources of pollutants
shows that:seAiment is the major contributor among such types oﬁ pollutants as
minerals, nutrient elements, pesticides, organic wastes, and thermélﬁpollution.
 Cropland is the chief source of sediment on a total mass basis, aceeunting for
50 percent or more of thejsediment deposited in streams and lakes. Construction
and surface mining activiﬁies vield large quantities of sediment in relatively’
small regions?oﬁ impact. The adverse impact is high on water quality, cost of
water supply,iaﬁd stoxm wate%'ﬁanagement. Besides the sediment itself being a
pollutant, the suspended material is a carrier for other types of pollutants,
either from land erosion or dredging. . Using sediment as a tracer is a good |

‘detection mechanism for non-point pollution sources.

Detection of high turbidity water would help the soil erosion control of land
manadement, such as agriculturel land practice and engineering sediment control
methods. The Soil Conservation Service (SCS) of the Department of Agriculture
has for a long timekdevoted;effort to the study of so0il erosion and control. :
'Asxsoil is eroded, sediment is washed by surface runoff, transported by streams,

and finally deposited in lakes, storage reservoirs, and bays. The reservoir
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storage decreases as the‘result of high concentration suspended sediment inflow.
Water treatment costs for domestic and industrial uses are increased for high
turbidity water. Reservoirs and bays are damaged aesthetically. Recreation
activities are hampered. The utility departments of municipalities are concerned
with the water supply sources and ways to prevent storage reservoirs from deteri-
oration due to sedimentary pollution. Park and recreation services from local
governmental through federal levels are benefited in their management tasks if
information on the concentration of suspended material is provided for their

guidance.

As mentioned before, suspendedﬁsediment in streams is associated with the
upstream activitiqs in £he watershed. The watershed could have been undergoing
highway constructien Ooxr urban housing development. District planning commissions,
highway departments, and the U.S. Forest Service are among those agencies carrying

out watershed maragement.

The U.S. Geclogical Survey (USGS) is the federal agency in charge of flow and .
sediment measurement including gaglng, sampling, and data analysis. The- ﬁSGS
primarily deals with relatlvely coarse-size streambed sediment motion and ‘high
suspended sediment concentration; as a result, they are oriented towards sediment
measurement in fresh water regions such as lakes and rlvers. For estuaries where
the flow is subjected to wave and tidal actlon, and the suspended sediment is more
diluted and small in size, the USGS normally does not establish the sediment sampling
program. Estuaries, bays, and coastal waters in general, are covered by the National
Oceanic and Atmospheric Administration (NOAA) of the Department of Commerce. Efforts

in the direction of quantifying the suspended sediment, using remote sensing tech=-

- niques, are extremely useful in aiding the sediment measurement program. Big

savings are expected in terms of human and financial’resources. In particular,
the remote sensing program would help USGS during a period of big flood events
whenever the sensing technlques could be applied and are: permltted by atmospheric

conditions.

The use of remote sensing techniques for detecﬁion and identification of
municipal and -industrial waste discharges with suspended selids is a promising
area., - It would help the agencies who monitor water quaiity, issue the permits,

and enforce the water quality control laws and ordinances.

‘Annually, tremendous amounts of dredged materlal from streams, estuaries, and

‘coastal waters are dlsposed of in the aquatic env1ronment. The dredging operation




involves the type of material to be dredged, location and method of dredging,
methods and site selection for disposal, and the environmental impact of the

dredged material, Particularly, the monitoring and prediction of the turbidity
level near the dredging site is a very important step in assessing the environmental
impact. The Office of Dredged Material Research of the U.S. Army Engineer Waterways
Experiment Station (WES) devotes a large effort toward this type of study. In
additien, the Environmental Characterization.Branch of the Mobility and Environ-
mental Systems Laboratory at the WES: has also carried out studies on the suspended
sediment mapping in waterways ‘and lakes, using the remote sensing data from the
Earth Resources Technology Satellite (ERTS). Remote sensing techniques would be
extremely helpful in predicting the sediment settling rate by studying the spatial
and temporal variations of suspended sediment concentration downstream of the

dredging site. .

The Coastal Engineering Research Center (CERC) of the Department of the Army
for a long time has been studylng the er051on and accretion of shoals and coastal
areas such as beaches and inlets. Informatlon on suspended sediment would identify
the problem areas and transport patterns of the suspended sediment related to waves,

currents, and man-made coastal structures.

The presence of suspended sediment in water bodies cuts down the light and
thermal energy penetration depth. ﬁTﬁerenergy andﬁlight source is essential to
the biota dynamics (ecosystem). The turbidity:level is a good indicator for
- ¥ish and aquatic plant populations; the growth;of algae as related to the dissolved
oxygen level, and the reduction of nutrients*associated w1th pollutant loadings.
~The Environmental Protectlon Agency (EPA); the state water control agenc1es, S
water resources planning and env1ronmental conservatlon commlsSLons at all levels

of government have as their functlon the" management of natural resources.

It has been suggested that turbldlty varlatlon might prov1de 1ns1ghts into -
the gross phy51cal, chemical, and blologlcal processes governlng the estuary itself.
The coastal and marine resources commissions at all governmentrlevels try to pre-
serve the marshes and coastllnes to av01d any adverse impact due to human act1v1ty.
The Bureau of Wildlife and Refuge Management or the Department of ‘the Interior

has its major function ln these areas.

A high concentratlon of suspended materlal mlght damage the shellflsh popula-
tion and benthic biota, The:-ransport pattern of suspended materials is useful

lnformatlon to the Bureau of: Sport Flsherles and Wlldllfe of the Department of
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the Interior, to the National Marine Fisheries Service of the Department of

Commerce, and to local marine resources commissions.

Turbidity parameter yields a good indication of diurnal and seasonal vari-
ations of ecosystems such as plankton blooms, algae crop, and bottom fauna. Hence
the mathematical model of an ecosystem can be calibrated and verified before the

model can be used for the purpose of prediction.

NOAA has a broad interest in the environments of estuaries, bays, and coastal
waters. Turbidity, of course, is a useful parameter for many purposes. Turbidity
pattern, as a function of time, is able to deduce the current information since
the suspended material ‘is a good natural tracer. It also brovides the information
on water mass mapping such as convergence and divergence areas, upwelling, river
pPlumes of sediment, and tides. NOAA is also interested in the assessment, moni-
toring, and prediction of continental shelf environments. The major item of interest
is the estimation of coral reef activity as related to the ecosystem and pollutant

loadings.

‘An underwater turbidity map is useful to scuba research efforts 1nclud1ng the
Planning of television and camera studies of fish ~Populations, underwater natural

resources and geological explorations, and construction and inspection of offshore

Structures. The VlSlblllty of submarines is also studied by the U.S. Navy's Office
of Naval Research and the National Oceanographlc Instrumentation Center of NOAA,
NOAA's primary effort on turbidity measurements is in the areas of in-sity measure-

ment and development of lnstrumentatlon.

Both EPA and NOAA are joined by NASA in the task of ocean disposal of solid
wastes, sludge, and other solid matter as dredged material. The task includes
monitoring and prediction of the waste field, potential turbidity currents, and

the selection of dumping sites.

The person engaged in research on the problems related to turbidity serves a
large group of users of remote sen51ng data on suspended sediment concentration,
These lnclude unlverSLtles, research 1nst1tutlons, and research and development
groups of the industrial sector.’ Thelr interest covers all types of water bodies,

~rall types of remote sensing methods and lmagery, in-situ methods, laboratory methods,

and all types of application.




3. Problems Related to Monitoring Sediment Distribution and Transport

Although turbidity is widely recognized as an important environmental parameter,
the term "turbidity" is ill-defined and very ambiguous. Different users define this
term in different ways according to their own application. Due to different methods
of measurement, different locations of measurements, various measuring instruments,
and varieties of scientists and engineers engaged in the measurements, there is

much confusion in texms of units, standardization, correlation, and unit conversion.

NOAA's National Oceanographic Instrumentation Center (NOIC), in'an attempt to
clarify the problem, sponsored a workshop on turbidity in 1974. This was the most
recent attempt to work out a general approach for wide recognition. The objectives
of this workshop were to identify the various applications’ for turbidity, identify
the basic information being sought by the measurement of turbidity, various types
of instrumentation being used, and the capability, limitations, ranges, and areas

of most beneficial application for these instruments (ref. 2).

It is the authors' opinion that the conclusions and recommendations drawn by
a committee at the workshop are the most precise and relevant statements about

turbidity and its measurement; they are quoted in the Appendix.

According to the classification of application for turbidity data in table 1,
table 2 shows the relationship between the applications and agencies who use the

data. Table 3 shows the primary use of the suspended sediment parameters.

From the literature surveys, visits, and communications with researchers at
universities, and research institutions, the following topics for research have
been devisedmand recommended for study. The goal of the proposed research is to
achieve more accurate determination of suspended material in the field and

laboratory.

a. A commonl?—uaed list of terminology in the field of suspended material
should be adopted. It should contain phy51cal, geologlcal blologlcal, chemical,
~—and optlcal phases to completely describe the suspended materlal For example;,
the glossary of optical oceanography in Jerlov's book (ref. 3) can be adopted by
all‘researchers to ensure correct interpretation and communication of all reserach
findings. R

b; A standard Drocedure for measurements in field or laboratory should be

establlshed. Types:of callbratlon for 1nstruments, and correlatlon between the



signal output and characteristics or conditions of suspended material should also
be clarified and specified. It could include single or multi-parameter calibration

or correlation.

c. For the purpose of optical measurements of suspended material, stating all
units in terms of optical characteristics would yield more accurate descriptions of
suspended material, However, development of one or more transfer fﬁnctions to con-
vert the optical units into commonly used units such as mg/l is also necessarye.
This would provide the accessibility of information by people other than scientists

and engineers.

i

d. For the purposes of in-situ measurements, simultaneous monitoring of the
micro-structures at the point where the samples are taken is recommended. For
example, the temperature and salinity strongly govern the flocculation phenomena
of suspended material in the ocean. Also, temporal variation of turbulent intensity

level tends to influence the fall velocity of floc or discrete particles,

e, Particle shape and size distribution are very important parameters governing
the concentration and optical charactefistics of suspended material. No single
method has been widely adopted by researchers to determine the sm&il-size suspended
material of the order of microns. Methods are particle counter TMC method, coulter
counter, and microscopic observation. These will be described in more detail in a

later chapter.
1

f. The percent of solid matter andkOfganic matter significantly affect thér
optical characteristics of a mixture. Further investigations to quantitatively
separate ‘the solid and organic particles is. strongly recomménded.v_Moreover,
identification of different types of organic matter or solid maﬁtef is also very:
important. Methods such as gaé-liquid chromatography and spectrophotometry (ref,
4) can determine chléééphyll a and éhlorophyll b. However, to separate different
types of chlorophyll quantitéti&éiy needs more”sfudy. Using a éarémeter of refrac-
tive index to identify the clay mineral is currently available. However, quantita-
tive determination of percent of different éla& material in a mixture is necessary
in the processes to cdrrelate suspended material data to light scattering or
attenuation, for exampie. Fundameﬁtally, the importance of the parameters just

mentioned depends on studies such as:

(1) How significantly does the individual constituent affect thekoverall

optical characteristics of the entire mixture?




(2) 1Is it possible to measure the optical characteristics of the suspended
material solely depending on the shape and size of the particle and not

depending on the type of constituents?
Questions such as these need to be clarified.

g. There are so many different ways to indicate the optical characteristics
of suspended material, which optical parameter to be used depends heavily upon
the types of applciations for suspended material data. A type of correlation
function and transfer function should be developed for a specific application,
The procedures developed must be clearly stated so that comparison or conversion

can be made with other instrumentation, parameters, and applications.

4., Factors Influencing Upwelling Radiance and Research

Needs for Remote Sensing

Remote sensing techniques provide long-term and wide;area coverage data, making
the data acquisition speedy and economical. NASA's efforts for obtaining photo-
graphic and/or spectral information and quantifying the suspended particulate is
definitely needed and will be beneficial to all users. A considerable amount of .
work has been done on optical characteristics of suspended particulates,,kMost of
it is tied in with the measurement instrumentation for gathering ground trnth data.
However, very little of it is related to the parametric studies in terms of factors

influencing irradiance which is registered by sensors.

In order to investigate laboratory requirements for 1n-51tL and remote sensing
of suspended partlculate, major factors influencing upwelling radiance must be

known. ' In general, factors can:be'gronped as follows:
a. Source of electromagnetic radiation
b. = Transmission of radiation'between‘rhe source and the water body, the water
and the sensor
| Ca fnteraction of electromagnetic radiation and the water body
d. Remote sensors

’e. Bottom effects.

Solar.radiance is a commonly used radiation source for a given zenith angle.

"The length of the path through the atmosphere 1ncreases w1th increa31ng zenith

. angle. The- attenuation of electromagnetlc energy increases and less solar energy
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reaches the.water body. Sensors which can be applied to the measurement of sus-

pended particulate by remote techniques are (ref. 5):
a. Color film
b. Color infrared
c. Multispectral
d. Multichannel scanning radiometer
e. Correlation radiometer
f. Pulsed laser system
g. Polarimeter.

Instrumentation requirements for remote sensing of suspended particulate are

listed below (ref. 5). An optimum value is given above the line and an acceptable

value is given below the line in parentheses.

_h:20 n

a. Spatial resolution = YEBB—ET
o . _ 0,15 um
b. Spectral resolution = YE;:E;WEHr

350 to 800 nm
(400 to 707 nm)
\

c. Spectral range =

d. Temporal resclution = T%'gﬁsT
45° ,
(30° to 60°)

e. Solar elevation =

£. Look low angle e 0 150 ORIGINAL PAGE IS
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ge. Aréarcoverage = 200 X 200 km
(20 X 20 km)

The factors affecting the transmission of radiation from the source to water

body and water body to the sensors are atmospheric conditions and sea states.

Atmospherlc conditions are descrlbed by clear, cloudy, and hazy in general terms.

The transm1551on of radlatlon is a gross result of molecular and aerosol absorptlon,
molecular and aerosol scatterlng, ‘and proflles of basic gaseous ‘and aerosol compon=
ents of a varlety of condltlons. In other words, the transm1551on can be expressed

in terms of proflles of pressures,rtemperature, den51ty, water vapor’ concentratmon,

10




and ozone concentration as a function of height above sea level. Of course,‘the
atmospheric transmittance changes with geographic and seasonal variation., A com-
puterized atmospheric transmission model, LOWTRAN I, developed by the U.S. Air
Force, Cambridge Research Laboratories, can be used to calculate atmospheric

transmittance (ref. 6)., Sea state includes waves and currents.

The interaction of electromagnetic radiation and the water body with suspended
material is of special interest., The interaction can be indicated by one or more

optical characteristics:
a. Transmittance
b. Absorption
c. Scattering
d. Attenuation

e. Volume scattering function.
Naturally, these parameters vary according to&the ]properties of suspension itself
and the ambient fluid. The photdgraphic or spéétial image is therefore a strong

function-of the factors that influence the upwelling radiance. These factors are:

a. Concentration and distribution between organic, chemical, and solid matter
in tHe water. (Concentration can be for an individual constituent or the whole
migture. A pefcentage of each constituent in the mixture is also an important
parameter since the image woufd Varyvas the characteristics of a specific con-

stituent.,) Types of suspended material that may be present in water are:

(1) Organics and Chemicals
(a) = chlorophyll
(b) phytoplankton,
(¢) other micro-@réahisms
(d)  organic compoundsyfkyellow body
(e) heavy metals - lead, zinc, mercury

(£)  toxic chemicals = acids and others
(2) Solid Particles
' (a) sand -
(b)  silt
() clay
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b. Variation of suspended material concentration with depth. (The depth of
penetration for different wavelengths is directly related to the vertical concen-

tration profile.)

c. Properties of solid matter including particle shape, size, distribution,
color, and mineral types. Types of mineral can be represented by different param-

eters such as opacity, refractive index, and birefringence.

As described in part 3 of this chapter, the in-situ and laboratory measurements

of suspended;material are not fully understood. Measurement procedures, instrument
calibration, standard unlts and thelr transfer functlons requlre further study.

All of these further compllcate the remote sen51ng‘technlques and amplify the
scope .of the research. The combined- effect of all the factors;influencing the
upwelllng radlance can be investigated through the technlque of parametrlc study.

There exists a Very ‘serious lack of spectral and photographic data on:

‘a. Natural water body -- it gives the background information when no suspended

material is presented.
b.i'Water body with the presence of suspended material.

 Pield tests should be conducted to quantitatively establish these relationships.

The task tc'achieve this goal,inVolves the following:

a. In-situ measurements of factors 1nfluenc1ng the suspended materlal, Such

as sea states, in-situ optlcal characterlstlcs, and propertles of amblent water.

‘b. Samples takenghack to laboratory for parametrlc Ldentlflcatlon and quantity

determinatiqn;jincluding properties of solid, organic, and chemical matter.
c. Remote sensing imagery obtained by aircraft or spacecraft.

d. Establishment of correlation between image and parameter, The procedures

'will be recommended in: Chapter III and a detailed discussion presented.

The in=-situ a&& labcratory measurements will establish a set oﬁmregerence data,
kmainlyjthe parameters influencing the upwellinc:radiance. 'Withitheqimagery and
the established reference data, information on the suspended material can be
’obtalned via established correlatlon equations and/or figures. The entire process

is indicated by a flow chart shown in figure 1. )

This approach to studylng suspended material distribution and'transpcrt has not
been implemented. It requires intensive programs in the air, the field, and the

laboratory, with extensive data processing and analysis. = The currently available

12
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instruments for in-situ and laboratory measurements, together with the current
state of research on parametric study and establishment of correlation, will be
discussed in Chapter II. Additional laboratory programs needed to be integrated

with sea truth and remote sensing efforts will be recommended in Chapter III.
CHAPTER II. METHODS FOR DETERMINING SUSPENDED MATERTAL

1. Turbidity Measurements

Turbidity 1s caused by the presence of suspended materlal such as clay, mud,

algae, silica, rust, bacteria, calcium carbonate, etc. in water.

The oldest ‘method for measuring turbldlty is the Jackson Candle Turbidity

Meter w1th the Jackson Turbidity Unit (JTU). This unit represents an arbltrary o

scale correspondlng to the height of fluid for various suspended concentrations!
of a reference material required to cause the image of a candle flame to be lost.
This method is no longer used by EPA: or USGS because of the lack of accurate
correlation with physical or chemlcal pParameters of. the suspen51on. However,

the unit still appears ‘in documents and is not yet phased out.

@ ‘The Standard Methods (ref. 7) published by the American Public Health Associ-
atlon (APHA) ‘Suggests. that the turbldlty unit should ‘be expressed in terms of
optlcal propertles of a sample which caused the light attenuation. A scatterlng
meter (or nephelometer) has been developed along this line since the publication
of APHA Standard Methods._ The nephelometer is calibrated by means of a standard
sample ‘concentration of forma21n and has a unit of Nephelometer Turbidity Unit
(NTU) or Formazin Turbldlty Unit (FTU). . The correlatlon of suspended material
‘(in mg/l) and turbldlty {in NTU or FTU) can only be accomplished on an individual

sample ba51s.
2. Attenuation Methods

a. Theory of light attenuatlon. To understand the method of light attenuatlon,

a brlef rev1ew is necessary of the optical phenomena of light passing through a medium
w1th suspen31on. A falrly parallel llght beam passing through a medlum w1th sus=
sion will cause scatterlng and absorptlon. The radlance of the beam is ,Nc, at

X =0 and NR at X = ¢ for a path length of 2
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where

P
1]

absorption coefficient of the medium

1G]
il

scattering coefficient of the medium

The transmittance TR for a path of & is defined by

_ & -(ats)h
== e

L

The transmittance is dependent on both absorption and scattering. The sum of a
and s is called the volume attenuation coefficient, &, which can be expressed

as a function of T, :

%
- I S
g=a+s = T in Tz

All coefficients a, s, and «, are functions of wavelength A.

Consider a radiance Io incident on a small volume of 4V which has a length
d% along the direction of propagation, and a projected area of dA normal to the
direction of propagation. If the vblumelcontaiﬁs suspended material and is observed
at a distance far away with respect to the dimension of the volume, the 1nten51ty

di(9) is proportlonal to the incident radlance and the volume (see fig. 2). It~

follows that
dr(8) = g(0) = IO * av

The constant of proportlonallty is5 called the volume scattering function 0(6)
whlch can be shown to be the fraction of the power scattered from a beam. of light
into a small solid e The volume scattering coefficient S is deflned as the
total fraction of the power scatterlng away in any direction from the incident

radiances

, T o ,
s,=‘{/~ o(B) sin 6 48

Q
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Figures 3 and 4 illustrate the optical system of the transmissometer and scattering
meter (or nephelometer) (ref. 2). A transmissometer measures light transmitted
through a medium containing suspended material with a light-sensitive detector.
Figure 3 shows a l-meter water path length transmissometer development by the
Visibility Laboratory of Scripps Institution of Oceanography (ref. 8).. The trans-
mittance values are converted to the volume attenuation coefficient. A scatteringk
meter measures light scattering at various angles 8@ of an incident beam of light.
For example, figure 4 shows‘the scatterinq meter to measure the Qolume soattering
function'inksitu at angles ftom ld tc 170 degrees, as described by Petzold (ref.

9) in Austih's paper (ref.~ld).i The output of the receiver can be converted into

the volume scattering coefficient in absolute physical units.

In general, most of the instruments used by researchers or developed by
commercial companies are in one of three categories: transmissometers, nephelometers,

or a combination of these two.

b. Transmissometers

(1) In-situ transmissometer by Hydro Products, P.0O. Box 2528, San Diego,

Ca 92112.

(2) In-smtu transmlssometer by Martek, Inc., 877 W. lé6th Street, Newport

Beach, CA 92660.
L :
" (3) In-situ transmissometer by Montedoro-Whitney, P.O. Box 1401, San Luis

Obispo, CA 93401.

(4) In-situ transmissometer developed by Visibility Laboratory, Scripps

Institution of Oceanography, San Dlego, CA.

(5) "Falling Stream" Turbldlmeter by Hach Chemlcal Company, P. O. Box 907,
Ames IA 50010. It measures the relative transparency of a gravity-
induced smooth sample stream formed as the flow drops vertically. from
an orlflce;"?he USGS has used,th;s type of turbidimeter as a means

for continucusly measuring sediment concentration in streams {(ref. 11).

(6)howa Sediment Concentrat;on Measuring System, Iowa Institute of »
Hydraulic Research, University ofiIowa, Iowa City, IA. This instrument
is deSigned’for in—Situ measurement of the temporal variation in sus-

‘ pended sediment concentrations. A light source and light sensor are
‘mounted in separate legs of a forked probe; The light is attenuated

‘as the particles pass between the source and sensor. The output voltage
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of the instrument is directly proportional to the concentration of
suspended sediment for a uniform size distribution of particles.

This instrument is still in the developmental stage. The limitations
and improvements needed to suit it for field application are discussed

in another report (ref. 12).

Another type of beam transmissometer having an adjustable water path
of 1/2 to 2 meters and a depth capability of 2000 meters was developed
by the Scripps Institution of Oceanography (ref. 13) as shown in

figure: 5,

One major limitation to transmissometer use is the inaccuracy in measurement

when the medium contains highly dissolved substances such as organic dyes. The

dissolved organic material will absorb the light.

Ce Scattering‘meter

(1)

i3

(3)

- (4)

Hach Chemicgl‘Company, P.Of‘Box 9Q7,fA@es, IA 50010, Th? médel of
"Laboratory Turbidimeter" is for laboratory measurement. A light
beam is sentwppwaré, scattered at an ahgle of 90 degrees, and received
by a sensor.k Théwmodéi‘of "ﬁow Range Iurbidimeter"‘is’made to con-
tinuously monitofrfhe suspended'material. /The'QO-degree scattered

light beam is measured by a'éhotoceliwéubmerged in-the sample. The

‘model of the "Surface Scatter Turbidimeter" can be used for continuous

monitoring in the field. A narrow beam of light is»directed onto the
smooth flowing surface of water at an dngle of 15 dégféeé. The
scattered light is recorded by the sensor at 75 degrees to the

incident light beam. Figure 6 shows a general 90-degree side-scatter

 turbidimeter.

Multipﬁefangle scaﬁtering meter. - Gibbs (reﬁ, 14) developed a scatter-
ing meter at adjﬁstable_lgw angles of forWard scattering and at angles

of 45, 90, and 130 degrees (see fig. 7).

A generai:angle scattering meter developed by the Visibility Laboratory,

as deScribed above (ref. 8). The angles are'between‘the limit & = 10
degrees in the forward~directiOn'ahd 6 = 170 degrees in the backward

direction.

A narrow-angle scattering meter was used to measure the:in-situ value

of. the volume scattering function (ref. 15). The'angleskused were
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forward angles of 0.086, 0.172, and 0.344 degrees. Kullenberg (ref., 14)

also used a very low angle scattering meter as shown in figure 8.

A single-angle scattering meter, such as 45 degrees, has been used during the
past. The 45-degree angle was considered to be the optimum angle of measurement.
It has been assumed that the volume scattering_function correlates very well with
the volume scattering coefficient at a single angle;'and a§45-degree angle of
measurement holds well for this assumption. Smith,‘et al. (ref. 15) discuss the
llm%tatlon of the scatterlng meter. The volume scatterrng coefficient is not

strlctly proportlonal to partlcle concentratlon unless the relatlve partlcle-SLZe

distribution-remains the same as the c0ncentratlon changes. Also,,the results of

samples taken. Smlth, et al. further state that the ch01ce of 45 degrees as belng
the most nearly proportlonal to the volume scatterlng coeff1c1ent was based on -
‘early scatterlng data whlch dld not lnclude the result using a narrow=angle scatter-
ing meter. They concluded that an optimum angle for a single-angle instrument was
between 1 degree and 2.5 degrees for the size distribution met in the upper  layer of

ocean used in their study.ww

~In llght of the above dlscu551on, it seems that a general angle scatterlng

meter offers more complete 1nformatlon concernlng the suspended materlal.: As men-
tioned in Chapter I, optical propertles of suspended materlal depend heav11y upon
the shape and size dlstrlbutlons of particles, and the percent and type ‘of organic
'matter'present in the water.v;qordon,(ref. 16) also 1nd1cated that;the scattering ‘
'is strongly dominated by,theiminerals present, and therefore, the size and refractive
distribution should be available”for the analeis. "hé also presented the fact that
phytoplankton concentration can be monitored by simultaneous observation of small-
~.and large-angle scattering. This further stresses the importance of more than a

fixed-angle measurement on scattering.

d. 'Combination.of,transmission and'scatteringvmeasurements

(l) The 1nstrument used to‘obtaln contlnuous measurement of in-situ turbidity
by Eittreim and EWlng (ref 17), Blscaye and Eittreim (ref. 18),
Sternberg, et al.’ (ref. 19), and Feely, et al. (refs, 20, 21) is a
moderately low-angle scatterlng metér shown ln flgures 9 and 10.

",Thls is an originalily standard Lamont photographlc nephelometer.
It consists of a 35-mm camera w1th continuous film drlve, a light source

f at.a dlstance of 55 cm, and an 1ntervenlng baffle-attenuator midway

L1700
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between the light source and sensor to cut off scattering from
angles less than 70 degrees. A direct beam of light source is
allowed to reach to the camera, attenuated by a factor of about 103
by a combination of an opal glass and a gray filter whose trans-
mittance is known. The film exposures produced by‘the scattered
light E relative to ‘that produced by the direct; yet attenuated
light ED can be found. The ratio E/E compensates for any change
in intensity of the light source, fllm s transport speed, developlng
of the film, or film sensitivity. It is a functlon of scattering
alone over a range of angles 7 ~ 30 degrees., Water depth can be
also recorded on the fllm by deflection of a light spot through a
bourdon-~tube pressure sen51ng system. Thus, a nephelometer profile,
E/ED ‘versus depth, can be plotted to get the concentration profile

of the suspended material.

(2) A submer51ble forward-scatter turbidimeter was developed by Monltor'v
Technology, Inc.,lRedwood City, ca. It prov1des turbldlty readlngsu
which are: llnearly correlated with the dTU scale,‘and“are inSedsitiVe _
to dissolved color, source aging and drlft, and environmental factors.
The turbidity measurement won't be affected by coating of the depos1ts
on the lmmersed optical surfaces. Flgure 11 shows the optlcal scheme
of this lnstrument. The sensors are separated by a symmetrlcal fin
which shadows each detector_from the dlametrlcally opposed light beam.
The sources are seguentially euergized. Each sensor‘receives either
the direct light froﬁ the source or. the scattered light fromithe
suspension. The ratlo of the scattered llght SLgnal to the direct
llght SLgnal is computed w1th one source energlzed The sensor
functions are reversed when the other source is energized The
system output can be shown to be lJ.nearly proportlonal to the forward-

scatterlng only.

(3) A laboratory modelistudy Was done‘by S.pglein (telephone”communication)
‘ at Scripps- Institution of Oceanography. ‘Hepmeasured the ratio of -trans~
mission and 90-degree scattering signals using an infrared detector.
The color caused by the dissolved substaucelbecomes an ‘irrelevant

parameter.

e. Depolarization method using polarized light. Aan on—llne, contlnuous

suspended SOlldS monltorlng dev1ce was developed by Badger Meter, Inc.; Tulsa,




,}ée” d materlal.

OK 74115. This is an instrument to measure the suspended solids in a wastewater
Stream that contains particles with a diameter exceeding 0.25 microns. The prin-
ciple is based on the depolarization of light in the back-scattered portion of an
initially polarlzed light beam. Figure 12 shows the schematic diagram of the
lnstrumental arrangement. - There are two components of the back-scattered light.
One portlon consists of singly-scattered waves which are still osc1llat1ng in
phase. (and parallel) w1th those in the emitted llght beam. The remalnlng portion
represents light whlch has been depolarlzed by multlple scatterlng. The two
components are’ measured by spllttlng the back-scattered 1ight and sendlng the

two resultlng beams through analyzer lenses to photodlode detectors. The depolar-
ization was used to measure the concentratlon of suspended SOlldS in sewage.
Experlmental results from" LlSkOWltZ and Franey (ref. 22); using the instrument
showu in flgure 13, 1nd1cated that the relationship between-the degree of
depolarlzatlon and suspended solid concentratlon was unaffected by the followzng

Parameters. They are partlcle size of. the suspended SOlldS, solids' den51ty,;

color of the samples, refractlve index of the medlum,rsample flow, the build-up
of solldsaon the optical surface,gand the ambient light. Under laboratory condl-

tions, a single prototype sensor. has operated over the range of 10-to 1,000, OOO ppm.

£. Acoustlc method. Acoustlcxobservatlons ofa low-denszty sedlment flow,

appearlng at -the onset of the shallow thermocllne and at greater depth, and orig-
1nat1ng with a dredge operatlon in the maln Miami, FL shlpplng channel have been wf
made by Proni, et al. (ref. 23) The acoustic system transmltted a 1-Kw, 2= R
mllllsecond-long, 51nu501dal pulse of energy w1th a center frequency of 20 kHz.

The transducer was towed 1n a "teardrop"‘shaped tow body. ' The transducer beam
w1dth was 12 degrees in the fore~aft dlrectlon and 18 degrees 1n the orthogonal

direction. They stated that,‘for ‘the range of tradltlonally used frequency (e.g.,

5 to 200 kHz), blologlcal scatterlng lS the most logical candldate. The acoustic

results ‘have not been compared w1th the traditional transmlssometer data. The

basic principle of thlS method 1s that. attenuatlon of reflected sound waves is

' affected by the suspended materlal.

g jUpwelllng,radiance measurement. Using solar radiance as a source, ‘the

reflected solar radiance is a function of the type and concentration of the sus=-

,,’x

Ay

S In-SLtu measurements ‘were made of. the lncldent and reflected solar: radlatlon

~from the surface water of reservoxrs (ref 24).\ Solar radlatlon was measured by .

spectroradlometer at 1nterval from 400 to 1550 nm The Sun angle was found to be
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an important parameter affecting the reflectance measurement. The total suspended
solids in the surface water had a greater effect on the amcunt of reflected solar

radiation than the Sun angle.

Secchi Disk depth is another method to estimate the water clarity. For
example, Clark (ref. 25) used this method to have a useful rough index of visibility.
A 20-cm~diameter disk, divided into alternating black and white quadrants, is
lowered by an observer. The average of two readings, for the depth at which the
plate disappears during descending andlatiwhich the plate reappears during lifting,
is adopﬁed.j The depth can be compared w1£h ‘the concentration of suspended material
or the mlcroden51tometer readlngs from a multlspectral scanner on boa"d an alrplane
or satellite (ref. 26) .1 A spectral attenuatlon,board lS similar to a Secchi dlsk.
The depth of penetratlon for dlfferent wavelengths can be obtained by placing the
spectral: attenuatlon board at different depths. The concentratlon of suspended

material ‘can be compared wlth the depth of penetratlon.

A multispectral scanner (MSS) has been widely sued in thevmeasurEment of
suspended material (refs. 26, 27ﬂ 28, -29, 30, 31, and 32). Basically; the concen-
tration of suspended material is correlated with the data obtained from the scanner

for the different spectral bands " Types of MSS are as follows:

spectral bands ranging from 0.5 microns to 1.1 microns.

(2) NASA's sSkylab/EREP Satellite includes 13 spectral bands ranging from

0.4 microns"to 12.5 microns;

(3)  Bendix Modular Multlspectral Scanner (M2S) has lO bands of spectral
range, 380 to 1060 nm.

i

(4) NASA's gdfchannel scannermnanges from 0.34 microns to 13 microns.
(5) Multichannelfooean Color~52anner (MOCS) had a spectral rangeiof 400 nm ~
700 nm; used by Grew (ref. 33).k!

Aerial photography also offers the capablllty for remote sensing of the upwell-
ing radiance of the sunllght. Ruff, et al. (ref. 34) studled the Clark Fork
Yellowstone Rlver sedlment probilem, uSLng ‘color infrared fllm, which is sensitive
to electromagnetlc energy hav1ng a wavelength from 0.4 microns to 0.9 mlcrons and
: thermal 1nfrared lmagery with a spectrum from 8 to 14 microns. Remote measurement
of turbldlty and chlorophyll through aerial photography was made. by Schwebel, et al.
(ref 35).k Studles were conducted ut11121ng six dlfferent £ilm and filter comblnatlons

to quantltatlvely detect chlorophyll and turbidity in six farm ponds.
, R S S 20
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Schenk and Davis (ref. 36) did a survey on turbidity in Narragansett Bay.
They made optical measurements by lowering an upward-facing photocell to known
depths and comparing its output through a bridge circuit to an identical cell
mounted in gimbals on the research vessel deck. With Hd as the cell output
at depth D, and Hs .as the surface output of the deck cell, K is found

from the egquation

in which K is the attenuation function for scalar irradiance which is correlated

with the suspended sediment load.

h.. Lidar SyStems. The lidar system is another kind of attenuation method.

It consists of a laser source, telescopic receiver, and a photo-detector. The
systenm is operated by transmitting a light pulse from a platform to and through
some depth of water. The return signal is collected and detected. From the wave=
length of the return signal, or from the time difference of the signals received
from the ocean surface and bottom, the turbidity is measured. This system has

been used by researchers at Texas A & M ﬁniversity.
3. Radiometric Methods

In-situ determination of suspended sediment5bywmegsup;ngrthe absorption of |

‘radiocactive energy has been proven to be a useful methods * This method is satis=-

factory for studylng hlgh concentrations of suspended material such as that found
in estuarlne ‘water and the surf zone of beaches, and where the mass ‘absorption of
the sediment to radlatlon does not vary with time.  The concentratlon of suspended
sediment has been studied%using moncenergetic gamma radiation as a source and

observing ‘the absorption (ref. 37). By knowing the mass absorption coefficient,

absorber thickness} incident radiation intensity, and intensity of radiation passed k

by the absorber, the density of the absorber can be calculated. The concentration

of the suspendedwﬁaterial, therefore;,canrbe known. Figure 14‘shows the field'

installation. As pointed out by Gibbs (ref. 14), this metﬁod has also been adopted

using the radloactlve lsotopes AmzL+1 and cal%? as energy sources, and placed in a

Vflsh-llke probe for use in rivers and estuaries. He points out that thls system
- is not very ‘sensitive ‘to the variation of sediment concentratlon. However, the

effect of compositional'changeS‘of,thetsuspended material on the absorption is

21
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4, Gravimetric Methods

This method is basically to measure the gquantity of suspended material in terms
of the ratio of the dry weight of the material to the total weight of the mixture in
units of mg/l. This unit has been used very frequently. For very small concentra-
tions in open ocean water, it becomes more difficult to get reasonable accuracy when
using thisxunit. Samples are collected at the surface or at a given depth, using
Niskin bottles, depending upon the information needed. The volume needed for each
sample depends upon the concentration of the suspended material. For in-situ point
sampling, a pump system can be adopted. In-situ evaporation or filtering can reduce
the volume of the samples being stored on board and brought to.the laboratory.
Evaporation methods can be used for samples with high concentrations of suspended
material to desiccate the material before it is weighed.: For low concentration
samples (500 ppm or less), the filtration method seems to be more satisfactory
‘The rate of filtration can be increased by vacuum pumping or centrifuging. Centri-
fuging, even at high speeds, presents a disadvantage for samples having fine~-grained
or neutrally buoyant particles such as organic material. .The filter used for filtra-
tion has different specified pore sizes. Commercially available filters are glass
fiber, Millipore and Gelman~-brand filters which resemble an intricate cellulafrf
network, and Nucleopore=-brand filters of thin plastic with holes punched in specific
sizes. If the concentration is extremely low, a smaller weight filter tends to give
better accuracy. Glass fiber filters, frequently used by the USGS, are suitable
for larger suspended sediments and higher concentrations in rivers and estuaries.
The other types will give satisfactory results for the case of open ocean, provided

that the salt is first washed away.

Biscaye and Eittreim (ref. 18) discussed some of the advantages in using

Nucleopore-brand filters over the other types:

a. Nucleopore filters weigh less than an equivalent Millipore filter.

bl Millipore filters are coated with a wetting agent which can be washed.

_out upon use.

c. Due to a lower surface area and possibly the lack of a wetting agent, g
‘Nucleopore filters achieve relative humidity equilibrium much more rapidly and

therefore are not so sensitive to the humidity'cbntrol.in the weighing room.

d. The surface of Millipore filters has enormously more visual texture than
,Nucleopore‘filters. A small particle can be distinguished easier on the Nucleopore
filter for scanning electron microscopy work at a given magnification. ‘
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e. If any analytical work on trace elements is to be done on the samples,
Nucleopore filters have a significantly lower blank for a number of elements than

has the Millipore filter.

For fresh water, the laboratory procedures for the determination of suspended
sediment concentrations are specified in the series of "Techniques of Water-Resources
Investigations of the U.S. Geological Survey" (ref. 38). Both the evaporation
method and the filtration method are presented. Field methods for collectinp
suspended sediment are also documented (ref. 39). They include depth=-integrating
samplers and single-stage samplers. The standard samplers and methods were developed

by the Federal Inter-Agency Sedimentation Project.

5. Methods To Determine Particle-size Distribution

Particle shape and size distribution are important parameters for suspended
materlal. The size of suspended materlal varies from place to place. For example,
submlcron material is found at a depth in the open ocean, materlal measured in tens
of microns in surface ocean water, and ‘in mllllmeters in rivers and estuarles. ' The
numbier of partlcles, their shape, and size distribution are necessary data to cal-
culate the concentratlon of suspended material’ at extremely -low concentrations such
as the case of open ocean water. Of course, the absorption and scattering of the
light or radlance are strongly affected by the size distribution (ref 40). It

appears that the particle shape is an influential factor.

For rivers and lakes, the USGS has detailed information abopt~the methods +o |
- determine particle size distribution of suspended sediment (ref. ;38)  Selection
‘of method, procedures and set—ups for each method,. llmltatlon of each method, and -
discussions on organic material and dlssolved solids are all specified. Methods
to determine the size include s1eve analysms for size range of 0.062 to 32 mm,
plpet for size range of 0. 002 to O 062 mm, Bottom Withdraw Method for size range
of 0.002 to 0.062 mm, and Vlsual accumulation tube method for size range of 0.062

to 0.2 mm.

Particles to 4 Hm could be resolved with standard microscopy; however, size
measurement could be done w1th confldence only on grains greater than 10 um (ref.
41).

The. Coulter Counter has been widely used to determlne partlcle size distri-

butlon (refs. 25 30, and 42) The dlluted suspension contalnlng small size
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particulate in microns is passed through different sizes of apertures, where the
volume of the particle is detected in the electromagnetic field. The choice of
aperture diameter depends upon the size range of the particles in the sample.
Dual apertures can be used to cover and overlap the desired range, utilizing the
most effective area of each aperture tube. Detailed information on the use of
the Coulter Counter is described by Sheldon:and Parsons (ref. 43). The Coulter
Counter gives the output of size distribution in terms of a particle size histogram
representing the frequency distribution. Particle volume measured by the Coulter
Counter is converted to an equivalent diameter of a sphere. This up-to-date
method is widely adopted and is considered to be satisfactory. This method can
be applied